genomics; lactation; mastitis THE GENETIC DISSECTION of complex traits is one of the most challenging problems in contemporary biology (37, 42) . Complex traits, such as disease resistance and lactation, are under the control of many genes, each with a different phenotypic contribution. Most complex traits have a continuous underlying distribution of measurement, and the genes responsible for genetic variation in these traits have been termed quantitative trait loci (QTL; 16). Detection of QTL in outbred populations may be complicated by environmental effects and epistasis. To deal with this complexity, a number of experimental strategies and statistical tools have been developed that maximize the probability of detecting QTL (30) . When the trait is known to be heritable, QTL can be identified by conducting a genome scan. This involves selection of an appropriate resource population segregating the trait(s) of interest and genotyping that population with a panel of polymorphic genetic markers that span all possible chromosome segments. Statistical methods such as analysis of variance or maximum likelihood are then used to determine if a marker or marker interval is associated with an effect on the trait (8, 27) . Although the entire field is presently stymied by the absence of appropriate tools for understanding the molecular basis of QTL effects, the identification of marker intervals bracketing QTL is a prerequisite to progress in this area of scientific inquiry. Moreover, knowledge of the relative position of QTL may itself be useful as a tool for the genetic improvement of plant and livestock species using marker-assisted breeding schemes (24, 34, 46) .
The ''daughter design'' and ''granddaughter design'' are well-accepted schemes to identify marker-QTL associations in commercial dairy populations (35, 47, 57) . The daughter design uses marker information and phenotypic data from daughters having a common sire (half-sibs) for detection of QTL effects. The granddaughter design employs marker information and sire breeding values for quantitative traits that are estimated from the production and health records of their daughters. Markers are scored among half-sib sons and tested for allele effects using one or more statistical methods (33, 49, 57) . The effects detected among the sons indicate that the sons' sire was heterozygous for both the marker and the QTL. In general, the allele effect detected in the sons is one-half the true effect, because the sons' breeding values are estimated from the phenotypic records of the elite sire's granddaughters (half of the granddaughters will not have any contribution from their paternal grandsire at a particular locus). This strategy is feasible because of the widespread use of artificial insemination and selective breeding in the dairy cattle industry. Identification of QTL contributing to the genetic variation of milk production and composition will enhance our understanding of the genetics and physiology of these traits while accruing practical benefits to the dairy industry by facilitating genetic improvement using markerassisted selection (14, 24, 34) . In addition, mapping QTL may lead to pharmacological and transgenic approaches that will enhance an animal's production potential or disease resistance.
The current genetic linkage map of cattle consists of more than 1,500 genetic markers. The majority of these markers are polymorphic microsatellites with known map locations that are well-suited for genome scans. Microsatellites have been used to perform scans for QTL affecting milk production (1, 3, 5, 12, 17, 18, 29, 32, 40, 49, 53, 60) , health traits (4, 5, 38, 60), and body conformation traits (2, 3) . Both consistent and conflicting results have been obtained for particular markers, which may be due to differences in the size, composition, and geographical location of the populations studied and methods of analysis employed.
The objective of the present study was to identify QTL affecting economically important traits in North American Holstein-Friesian cattle using the granddaughter design. QTL were identified with large effects on milk production, milk composition, and health traits. Our results will provide a basis for genetic improvement using marker-assisted selection and an understanding of the molecular mechanisms of complex physiological traits.
MATERIAL AND METHODS

Resource Populations and Description of Phenotypic Data
The Dairy Bull DNA Repository (DBDR) was established in 1992 at the University of Illinois as a DNA resource for mapping QTL in elite North American Holstein-Friesian families (13) . The collection currently consists of semen from 3,562 sons of 35 elite sires contributed by nine North American artificial insemination organizations. Eight of the largest half-sib families consisting of 1,068 bulls were selected for QTL detection using the granddaughter design (57) . These bulls are not a random sample of grandsires' sons because semen availability is based on the results of progeny testing programs. As a result, the statistical power of the experiment is lower because of a reduction in the average allele substitution effect (17) . An independent population of 3,264 daughters of nine Israeli Holstein sires was collected for confirmation of the QTL on BTA14 using the daughter design. Although several grandsires in the DBDR are related [e.g., families 1 and 8 are half-sibs (13)], sires were treated in the analysis as unrelated on the basis of simulations showing only minor effects on the power of QTL detection in a granddaughter design when taking family relationships into account (20) . Each son's daughter yield deviations (DYDs) for seven traits were extracted from the November 1997 U.S. national Holstein evaluation and used for the analysis. The seven traits are DYDs for milk yield (MY), fat yield (FY), protein yield (PY), fat percentage (FP) and protein percentage (PP), somatic cell score (SCS), and productive herd life (HL). DYDs are unregressed weighted averages of daughter records adjusted for environmental effects and the additive genetic values of the daughters' dams (52) . The DYD for percent fat (DYDPF) is calculated as follows: DYDPF ϭ 100 ϫ (MF ϩ DYDF)/(MM ϩ DYDM) Ϫ MPC, where DYDF and DYDM are DYD for fat and milk, respectively, and MF, MM, and MPC are mean fat yield, milk yield, and percent fat, respectively, for cows born during the base year, 1990. The DYD for percent protein is calculated similarly, substituting DYD for protein and mean protein yield into the formula. The underlying yield and percentage traits consist of averages for five or fewer lactations adjusted to a twice-a-day milking and a 305-day lactation record. Somatic cell score is an indicator trait for resistance to mastitis, calculated as 3 ϩ log 2 (cells/100), where cells equals somatic cells per microliter of milk (45) . Productive herd life is the number of months in milk (maximum of 10 mo per lactation) until the age of 84 mo (51) . The number of individuals with phenotypic records in each family (F) ranged from 58 to 203, with an average of 133, 128, and 134 for the milk production traits, SCS, and HL, respectively ( Table 1) . The means, standard deviation ( P ), and ranges for the DYDs of the sons included in the study are given in Table 2 .
Estimated cow breeding values for the Israeli sample were calculated from an animal model evaluation (56) , base year 1990. For statistical analysis, the seven traits were considered as uncorrelated based upon a previous study that found only marginal differences in the number of significant effects using significance thresholds calculated on the basis of four canonical traits compared with seven independent traits (60). This approach is also supported by the results of Weller and co-workers (59), who found minimal differences in the empirical type I error rates for detecting QTL among the seven correlated traits evaluated and the theoretical type I error rates for seven uncorrelated traits.
Genotyping
DNA was extracted from semen, and PCR reactions were carried out using fluorescence-labeled primers or by incorporating [␣-32 P]dCTP into PCR products (22, 31, 39) . Either frozen whole milk samples (1 µl per PCR reaction) or DNA isolated from whole blood was used as the template for genotyping daughters of the nine Israeli sires for the marker D14S31. For the genome scan, 174 microsatellite markers were selected at ϳ20-cM intervals on all 29 autosomes using published cattle linkage maps as a guide for intermarker distances (6, 7, 10, 23, 31) . For the fluorescent markers, actual allele sizes were scored for all individuals. The radioactively labeled alleles were coded according to size. Assuming a 3,000-cM genome, these 174 markers provide coverage of greater than 85 percent of the cattle genome between flanking markers. The average number of markers per chromosome was six, with an average spacing of 20.8 cM ( Table 3 ). The number of markers typed per grandsire ranged from 84 to 111 (x ϭ 101, or 3.48 markers per chromosome), which corresponds to a grandsire-specific genome coverage of 58-77%. The mean number of informative families for each marker was 4.5. 
Statistical Methods
Analysis of variance. Analysis of variance (ANOVA) for each marker and trait combination was performed using the PROC GLM function of SAS (SAS Institute, Cary, NC) employing the model Y ijk ϭ G i ϩ M ij ϩ e ijk ,where Y ijk is the DYD for son k of grandsire i that received microsatellite allele j, G i is the effect of grandsire i, M ij is the effect of allele j in grandsire family i, and e ijk is the random residual for each son's DYD. The DYDs were weighted by the reliabilities of their evaluations. Reliability, a measure of accuracy of an evaluation, is the squared correlation of an animal's predicted and true transmitting abilities (52) . Sons with a reliability less than 0.5 for a trait were deleted from the data set. Analysis was performed for the combined data from all the families and for individual sire families for each marker and trait, testing for significance of the M ij effect. Under the null hypothesis of no segregating QTL, the ratio of the mean squares of the M ij effect to the residual mean squares should have a central F distribution. This is by definition a two-tailed test. Any segregating QTL should increase the F value regardless of the direction of effects. A normal distribution of residuals is assumed, but this assumption is not completely true because the sires with semen are a selected sample. However, F tests are robust to minor deviations from normality, and this was confirmed for our sample by permutation. The empirical distribution of the F statistic was very close to the theoretical distribution.
Genome scanning was performed in two stages. In the initial screen, a subset of 70 sons were genotyped in F1-F7, inclusive; all sons were genotyped in F8. If a single-family contrast with P Ͻ 0.05 was obtained, the remaining sons in those families were genotyped. For the daughter design analysis, Y ijk is the breeding value for daughter k of sire i that received microsatellite allele j, G i is the effect of sire i, M ij is the effect of allele j in sire family i, and e ijk is the random residual for each daughter breeding value.
Multimarker regression analysis. A linkage map based on the DBDR families was constructed using the BUILD option of CRIMAP 2.4 (19) . Genome coverage was calculated as the sum of all marker intervals measured in Kosambi centimorgans (Kosambi cM; 26) . Linkage groups were constructed for all 29 autosomes with a total map length of 2,551 Kosambi cM (Table 3) . Chromosomes containing putative QTL from the ANOVA (P Ͻ 0.01) were analyzed for effects in all families as well as in individual families using a multimarker regression program (49) . The contribution of each son was weighted as described by Spelman et al. (49) according to the number of daughters contributing to the DYD. Heritabilities of 0.25 for yield traits, 0.5 for percentage traits, and 0.1 for SCS (45) and HL (51) were used.
D21S57(0)-D21S4(33)-D21S18(41)-D21S27(56)-D21S6(78)-D21S44(85)
Calculation of critical values. The statistical power of detecting segregating QTL is affected by sample size, the genetic distance between the markers, and the QTL and the QTL effect size (57) . Because neither QTL location nor effect size are known a priori, rejecting putative QTL at too stringent a level defeats the purpose of a preliminary genome scan (48) . Therefore, three significance thresholds are reported for the ANOVA: genomewide, suggestive, and nominal. For genomewide significance and suggestive threshold levels, the type I error rate was calculated using the equation suggested by Lander and Kruglyak (28) , assuming a 3,000-cM male genome. To account for the analysis of multiple traits, the obtained ␣ values were divided by 7 (the number of traits). Weller et al. (59) used a permutation analysis to show that the empirical genomewide error rate for the seven traits analyzed in this study was similar to the genomewide error rate computed for seven independent traits. Therefore, the number of independent traits could not be reduced, even though there are strong correlations among the studied traits. Using the formula of Lander and Kruglyak (28), a marker-trait association with a genomewide error rate of 0.05 must exceed P ϭ 8.1 ϫ 10 Ϫ6 to be significant. The type I error rate for a suggestive association, which is the expected number of type I errors in the experiment when the null hypothesis of no QTL segregating is true, must exceed P ϭ 2.7 ϫ 10 Ϫ4 . The values can be adjusted for the analysis of marker effects within families by dividing ␣ by 56 (8 families ϫ 7 traits). For within-family analysis, the threshold increases to 8.9 ϫ 10 Ϫ6 for a significant association and 3.4 ϫ 10 Ϫ5 for a suggestive association. For completeness, marker effects with unadjusted P values of P Ͻ 0.01 for the joint analysis and P Ͻ 0.001 for individual families are also reported. Additional marker effects with higher type I error rate (P Ͻ 0.10 for multiple families and P Ͻ 0.05 for individual families) can be found on the World Wide Web at http://cagst.animal.uiuc.edu.
The false discovery rate (FDR) is the expected proportion of true null hypotheses within the class of rejected null hypotheses for each marker-trait association (9) . The expected FDR (q) was calculated as q ϭ mP (i) /i; where i is the number of the null hypothesis ranked by descending P and m is the total number of analyses [7 traits ϫ 174 markers ϭ 1,218 for multiple-family analyses and 7 traits ϫ 793 typed families ϭ 5,551 for individual family analyses (58) ]. The fact that the sons are selected will reduce the magnitude of the effects detected, for those traits under selection, and therefore the power of the experiment.
Critical values for the multimarker regression analysis were calculated by permuting the phenotypic data as described by Churchill and Doerge (11) . The DYDs with their weighting factors were shuffled 10,000 times among individuals within each sire family. Test statistics were calculated along the chromosome for each permutation using multimarker regression analysis. An empirical distribution of test statistics was created by ranking the test statistics obtained from each permutation in descending order. The 5% genomewide threshold values for analysis of all families jointly and for individual families were set equal to the 500th (10,000 ϫ 0.05) largest test statistic after adjusting the test statistics with a correction factor equivalent to the Bonferroni correction for multiple testing (49) . The genomewide critical values for the analysis of all families jointly account for testing of 7 traits and 29 chromosomes, whereas critical values used for analysis within families account for 7 traits, 29 chromosomes, and 8 families. Critical values were calculated independently for each chromosome to account for differing chromosome lengths, as performed by Spelman and co-workers (49) . The type I error for a suggestive association was determined from the equation ␣ ϭ 1/203, where 203 equals the number of independent comparisons (29 chromosomes ϫ 7 traits) and set equal to the 49th value of the 10,000 unadjusted ranked test statistics obtained from the permuted data sets (60) . Suggestive significance thresholds were used only for the analysis of data from the joint analysis of all families.
Calculation of 95% confidence intervals. Empirical confidence intervals (CI) for the location of QTL with genomewide or suggestive significance were determined by the bootstrapping method as described by Visscher et al. (54) . For each bootstrap sample, 1,067 observations (consisting of both genotypic and phenotypic values) were drawn with replacement from the pool of original observations, keeping family size consistent in the analysis. Subsequently, multimarker regression analysis of 200 data sets was performed. The map position of the highest test statistic for each trait was retained from each data set. Empirical 90% and 95% CI were determined from the distribution of the retained map positions (top and bottom 5 and 2.5 percentiles).
RESULTS
Marker Effects on Milk Production Traits
Analysis of all families jointly using ANOVA identified marker effects on 7 chromosomes (BTA1, -2, -3, -5, -7, -14, and -29) that exceeded the genomewide, suggestive, or nominal threshold for QTL effects (Table 4) . Putative QTL affecting MY and PY were found on BTA21 in a single family (q ϭ 0.3886 and q ϭ 0.222, respectively) but did not reach the nominal threshold in the joint analysis of all families ( Table 5 ). The FDR was less than 0.36 for the 34 nominally significant markertrait associations (P Ͻ 0.01), thus indicating that ϳ22 (34 ϫ 0.64) of the reported effects are genuine (Table 4) .
Large effects on FP, exceeding the 5% genomewide or suggestive thresholds, were detected on BTA3 and BTA14 in both the ANOVA and multimarker regression analysis (Tables 4 and 6 ). The effect on FY associated with BTA14 exceeded the suggestive significance threshold in the ANOVA analysis (q ϭ 0.0069) and the multimarker regression analysis. The suggestive significance threshold was also reached for the effects on BTA3 on PY and PP using the multimarker regression analysis.
The QTL on BTA3 and BTA14 were analyzed further within individual families using multimarker regression analysis. The QTL for MY, FY, FP, and PP were mapped between the markers D3S21 and D3S34 in F1, with the highest test statistic at 34 Ϯ 1 cM (Fig. 1) . The 95% CI for the QTL influencing FP spans 14 cM proximal to 26 cM distal of this map position. Analysis of F2 suggests the presence of a QTL affecting FY within the same marker interval as in F1 (Fig. 1) , with a 95% CI ranging from the centromere to position 58 cM. In addition, analysis of F5 indicates a QTL affecting PY that is centromeric to one or more QTL affecting 168 GENOME SCAN FOR QTL IN DAIRY CATTLE FP (Fig. 1) . The 95% CI for this QTL overlaps the CIs obtained for effects on FY in F2 and for FP in F1.
For comparison of effects associated with marker alleles in individual families, the DYD least squares means were computed among sons with alternatively inherited grandsire alleles ( Table 7 ). The inheritance of D3S34 allele 3 in F1 is associated with an increase in the average sons' DYD of 112 kg MY and a 3.0-kg decrease in FY. These opposing effects cause a 0.07% (0.61 DYD within-family phenotypic SDs) decrease in the FP DYD among sons inheriting allele 3 compared with allele 2. Allele 3 of D3S34 is also associated with a 0.06% decrease in DYD for FP among sons in F8 (grandsires 1 and 8 are half-siblings). Alternatively, among the sons of grandsire 5, who is unrelated to grandsires 1 and 8 for at least four generations, the inheritance of D3S34 allele 3 is associated with a decrease of 146 kg MY (data not shown).
Another QTL with very large effect on FP was mapped to the centromeric end of BTA14. Results of the multimarker regression analysis of combined data for F4 and F5 suggest that the most likely position of the FP QTL is at chromosome position 2 cM, between the markers D14S55 and D14S31 (Fig. 1) . The bootstrap 95% CI estimated from F4 and F5 data is 11 cM. Inheritance of D14S55 allele 2 correlates with an increase in the average sons' DYD of 8.6 kg FY in F4 ( Table 7 ). The magnitude of this effect on FY in F4 is 0.81 DYD P , which corresponds to 1.06 DYD P for FP. The effect size in F5 is ϩ5.8 kg FY (0.59 DYD P ) and Ϫ127 kg MY (0.46 DYD P ). Effects associated with the marker D14S26, which maps more than 88 cM from D14S31, give support for a second QTL influencing MY on BTA14 in F2 and F6 (Table 4) .
To confirm the QTL for FP on BTA14, 3,264 daughters of nine Israeli Holstein sires were genotyped for the marker D14S31 (data not shown). Of these, 2,802 (86%) daughters with genetic evaluations were informative for the marker. The number of informative daughters per family ranged from 130 to 493. In the joint analysis of nine families, the effect on FP was significant at P Ͻ 10 Ϫ6 . The effects on MY and FY were significant at P Ͻ 0.05 and P Ͻ 0.01, respectively. Only one Israeli Holstein (family 2) had significant allele contrasts for FP (P Ͻ 0.0001), MY (P Ͻ 0.004), and FY (P Ͻ 0.002). The sire of this family had 392 daughters with informative genotypes; the magnitude of the contrast was 0.081 percent fat, at the level of the cows' breeding values (data not shown). The most likely location of the QTL was at D14S31 as determined using single-locus maximum likelihood analysis. However, the 95% CI was greater than 20 cM.
Marker Effects on SCS
No effects reaching genomewide or suggestive significance thresholds were found for SCS using ANOVA or multiple marker regression analysis. However, putative QTL (P Ͻ 0.005) were identified on chromosomes 5, 7, 21, 22, 23 and 26 (Tables 4 and 5 ). At position 26 cM on BTA23, the test statistic obtained using multimarker regression analysis (3.52) was nearest to the suggestive significance threshold (3.77). D23S5, the marker associated with the most significant effect on this chromosome in the ANOVA analysis (q ϭ 0.2494), maps near the cattle major histocompatibility complex (MHC). Both D22S8 and D22S15, located 41 cM apart on BTA22, were associated with effects on SCS (q ϭ 0.2155 and 0.2030, respectively). However, the marker D22S19, located between D22S8 and D22S15, failed to show any association with SCS among the seven families. The effects on SCS range from 0.07 to 0.13 DYD at the marker locations and are equivalent to a 5.0-9.4% change in the number of somatic cells present in the milk of sons' daughters.
Marker Effects on HL
Putative QTL influencing HL were identified on BTA4, BTA17, and BTA21 using ANOVA (Tables 4 and  5 ). Effects were found primarily in single families and did not exceed suggestive or genomewide significance thresholds in the ANOVA or the multimarker regression analysis.
DISCUSSION
A genome scan was conducted for the purpose of detecting QTL associated with milk production, milk composition, and health traits in the North American Holstein-Friesian population. The resource population consisted of 1,068 sons of eight genetically elite sires. Using the granddaughter design, breeding values estimated from the production and health records of the large granddaughter population were compared among the genotyped sons. Results presented herein represent the first genome scan of the eight largest DBDR families, with more than 85% of the genome saturated at ϳ20-cM intervals by 174 selected markers. Results of another large study of North American Holstein sires were recently reported (60), but it is unknown whether the grandsire families employed are different from the ones used in the present study. Ashwell and co-workers (2-5) have used many of the same DBDR families in their studies as reported here, but only a small fraction of the genome was evaluated for QTL and the threshold values were less stringent. Other studies have been performed with different resource populations, some Holstein-Friesian and others belonging to different breeds (1, 12, 18, 29, 32, 49) . Despite the diversity of resource populations, experimental approach, and methods of analysis employed, several QTL reported by others were confirmed in the present study (discussed below). Other putative QTL have not previously been detected, such as the effects on SCS associated with D5S22, D22S8-D22S15, and D26S7, the effect on HL associated with D4S22, the effect on PP associated with D2S11, the effects on PY and MY associated with D29S13, and the effect on PY associated with D2S122. All of these QTL were detected at the nominal significance threshold so these results must be interpreted with caution.
A comprehensive approach was implemented for the analysis of our granddaughter design data. First, ANOVA was used for the primary genome scan, using a stepwise genotyping procedure to minimize the amount of genotyping required. Several chromosomes with markers exceeding the suggestive level of statistical significance according to the criteria established by Lander and Kruglyak (28) were then studied further by multimarker regression analysis (49) . The FDR (58) was also used as a guide for interpreting results of the ANOVA. In reporting our results (Table 4) , we chose a relaxed significance threshold because many effects detected that were below the recommended significance threshold levels will actually represent genuine QTL. For the FDR we can conclude that ϳ22 of the 34 marker-trait associations are genuine, despite the fact that only 9 exceeded the suggestive threshold for significance. These putative QTL may be confirmed in future studies, so we feel that it is important to report such effects even if they do not meet the most stringent statistical criteria. It is necessary to have larger resource populations and/or better marker coverage to confirm results for markers with effects that do not reach conservative thresholds for statistical significance.
In theory, the analysis of individual families should reveal QTL not detected in a joint analysis of all families because heterozygosity at QTL may be low because of selection (17) . However, significance thresholds become extremely high for the analysis of individual families because it is necessary to account for the additional comparisons. This problem is one of the paradoxes in QTL mapping. In the present study, marker effects were analyzed by ANOVA in all families jointly as well as in individual families. Although the results were generally consistent for both analyses, additional putative QTL not reaching the nominal significance threshold in the joint analysis were detected on chromosomes 17, 21, and 26 in individual families ( Table 5) . As for the joint analysis, additional sire families or direct examination of daughter records will be necessary to determine if these are genuine QTL or type I errors. For those effects that exceeded the nominal threshold level in the joint analysis, low 171 GENOME SCAN FOR QTL IN DAIRY CATTLE grandsire-specific marker coverage prevented the use of the multimarker regression analysis in individual families that contributed significantly to the model. However, for chromosomes with adequate numbers of markers, such as BTA3 and BTA14, the multimarker regression analysis within families was useful for interpreting data that may be confounded in the joint analysis by low grandsire-specific marker coverage or QTL genotype.
A QTL with a very large effect on FP was linked to the marker D14S31 using the granddaughter design and confirmed in a daughter design study in an independent population. These results support our preliminary analysis of the DBDR families and daughter design data (41) . In two informative families, the FP QTL was mapped to a position 2 cM distal to D14S55, with a bootstrap 95% CI of 11 cM (Fig. 1) . There was evidence for a second QTL affecting MY at the telomeric end of BTA14, but significance did not exceed the threshold level for suggestive linkage. In further support of our findings, two recent studies have confirmed a major QTL for FP near the centromere of BTA14 (12, 60) . Combining the results of these studies would be extremely valuable for fine mapping this QTL, thus facilitating selection/identification of candidate genes for FY and MY and a reasonably sized interval for physical mapping of the region.
Significant marker-effects for several milk production traits were found on BTA3 (Table 4 ). The peak test statistic was reached at position 22 cM for FP, whereas the peak statistics for the effects on PY and PP were reached at positions 16 cM and 3 cM, respectively. Within-family multimarker regression analysis suggests that more than one QTL may be present on BTA3, although F1, F2, and F5 all indicate QTL for MY or FY at similar locations (Fig. 1) . If these effects represent multiple QTL then they are most likely to be tightly linked because the peak test statistics map within a 10-cM region. Zhang and co-workers (60) and Lipkin et al. (29) also reported a QTL for PP on the centromeric end of BTA3. The study by Zhang and co-workers found an effect on PP using the same marker (D3S34 or TGLA263). However, in that study D3S34 was the terminal marker in the linkage group, whereas in our study it was located 41 cM from the terminus of the linkage group, thus accounting for the difference in reported chromosome location. These data add important new positional information for this QTL.
A more detailed analysis of allele effects of markers on BTA3 in F1, F2, and F5 suggests that there are three QTL located in the region flanked by D3S32 and D3S34, one each for MY, FY, and PY. In grandsire 1, the QTL alleles for MY and FY appear to be in repulsion, i.e., the high MY QTL allele is on the same haplotype with the low FY QTL allele and vice versa ( Table 7 , data not shown). This produces the very large effect on FP DYDs observed among the sons and a numerical (but nonsignificant) difference in PP. Further evidence for three QTL is observed in F2 and F5. In F2, the grandsire appears heterozygous for the FY QTL only (Table 7) . Grandsire 5 appears heterozygous for the PY QTL, the MY QTL and the FY QTL, but the direction of the effects is the same, resulting in a nonsignificant contrast by ANOVA for FP (data not shown). By comparison, there appears to be only one QTL in the vicinity of D14S55 and D14S31 that affects FY (but not MY), thus contributing to the significant effect on FP. Examination of the QTL affecting percentage traits on BTA3 and BTA14 dramatically demonstrates the importance of fully understanding the nature of the traits under investigation. The percentage traits are derived from the product of MY and the yield of a solid. Thus, as observed for the QTL on BTA3, when a QTL allele associated with a positive effect on MY is in linkage phase with a QTL allele associated with a negative effect on a milk solid, a dramatic effect on percentage can result, even if the two QTL have small effects. Moreover, the mapping of QTL for percentage traits may not reflect the true positions of the underlying QTL that influence the solids or the water content of milk. An alternative explanation for our data is that there is one QTL with multiple alleles, each affecting one or more traits. Given that the molecular mechanisms regulating water content of milk and secretion of fat or protein are likely to be different, we feel that pleiotropy is less likely as an explanation for our observations. SCS, an indicator trait for mastitis resistance, was implemented into sire evaluations in 1994 (43) . Identification of QTL affecting SCS could be of great practical significance because mastitis is the disease responsible for the largest economic loss in the dairy industry, with annual losses estimated at more than $2 billion in the United States alone (21) . Fewer years of selection and the lower heritability of this trait make SCS an ideal target for marker-assisted selection or gene-based therapeutic strategies. Although we detected no marker effects that reached the genomewide or suggestive significance thresholds, putative QTL affecting SCS were identified on chromosomes 5, 7, 21, 22, 23, and 26. Multimarker regression and ANOVA suggest the presence of more than one QTL influencing SCS on BTA22, one centromeric to D22S8 and one telomeric to D22S15. The effect sizes on SCS ranged from 0.07 to 0.13 DYD SCS units, which corresponds to a 5.0-9.4% change in the number of somatic cells present in milk. In support of our findings, several groups have detected putative QTL influencing mastitis or SCS within or near the MHC on BTA23 (15, 25, 36, 38, 44, 50, 55) . Ashwell et al. (4) also detected a QTL for SCS linked to microsatellite markers on BTA23 in the DBDR families. Our results and those of Ashwell and co-workers offer a rare example of confirmation in the same resource population. Such results are important because they rule out experimental errors, such as sample switching and typing errors, as sources of the observed differences. Explanations for discrepancies between the studies of Ashwell and ours include differences in significance threshold levels and differences in which DBDR families were studied. Along these lines, Ashwell and coworkers (4, 5) reported markers on BTA21 to be associ-ated with MY and PY. In the present study, D21S27 is associated with an effect on MY in F3 (Table 5) . Similar results for SCS were obtained within individual families for markers on BTA26 [(5), see Table 5 ].
Marker effects exceeding genomewide or suggestive significance were not found for the HL trait. This result is not surprising given that the heritability for HL is quite low and the trait is a composite of a number of production, conformation, and health traits. However, a putative QTL for HL was found at a similar position on chromosome 17 as that reported by Zhang et al. (60) in North American Holstein-Friesians. The FDR for each of the marker effects on HL detected by ANOVA also suggests that more extensive studies may be warranted.
In addition to the marker effects described above, other QTL confirmed in this study include QTL for MY and PY on BTA21 (40) and possibly a QTL for PY [detected as PP (29)]. There are several other putative QTL detected in this study that have not been confirmed, as well as QTL detected in other studies not confirmed here. Follow-up studies are necessary to distinguish which effects are authentic. As discussed above, detection of QTL using the granddaughter design will depend in part on effect size, genetic distance between the marker and QTL, number of QTL alleles, and maternal contributions (57) . Therefore, for most studies reported to date, marker density must be increased on a grandsire-by-grandsire basis. Fortunately, the total number of QTL for economically important traits detected in dairy cattle is not very large (Ͻ50). This will permit efficient strategies for confirmation and fine mapping in more recent generations of elite sires.
Our results provide another example of the power of the granddaughter design for the detection of QTL in dairy cattle. With a number of QTL in dairy cattle now confirmed it is important to gain a better understanding of how much these QTL contribute to the phenotypic variation at the population level. Evaluation of descendants of the DBDR grandsires in the extant population will permit the assessment of how useful the QTL reported here will be for marker-assisted selection. Future studies will focus on more precise mapping and identification of candidate genes for these QTL.
